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Summary ~ Fluom(:,u'bons and iluorocarbon moieties arc tmiquely characterized by very sirong intrmnolccular bonds and very weak mtermotecular 
interactions, This results in a combination of exceptional fl~crmal, chemical and biol~gical hlertness, low surface tension, high fluMit), excellent 
spreading chm'acteristics, low solubility in water, and high gas dissolving capacities, which are the basis ior innovative applications in the biomedical 
field. Perlluoroalkyi chains ate larger and more rigid than their hydrogenated counterparts. They are considerably more hydtvpht~bic, and au'e 
lipophobic as well. A large variety of wall-defined, modular fluorinated surfactants whose polar head groups consist of polyols, sugars, sugar 
phosphates, amino acids, amine oxides, phosphochoimc, phosphatidylcholme, etc, has recentl 3 Ix'en synthesi~-.ed. [quorinated surt'actanls ;tie signi- 
ficantly more surface active than their hydrocarbon counterparts, both in terms of effectiveness and of efficiency. Despite this, they are less hemotstic 
and less detergent, Fluorosurl'actants ap~ar unable to extract membrane proteins. Fluorinated chaies confer to surlktctams a [mwerful driving three 
for collecting and organizing at interfaces, As compared to non-fluorinated analogs, fluorosuffactams have also a much stronger capacity to 
self-aggregate into discrete molecular assemblies when dispersed m water and other solvents. Even very, shorl, single-chain fluorinated amphiphiles 
can Ibrm highly stable, heat-sterilizable vesicles, without the need t'or supplementary associative interactions. Sturdy microtubules were obtained 
from non-chira!, non-hydrogen bonding single-chain fluomsuffactants. Fluorinated amphiphiles can be used to engineer a variety of c~lloidal systems 
and manipulate their morphology, structure and properties. Stable fluorinated films, membranes and vcsicle~ can also I~" prepared from combinations 
of standard surlilctants with fluorocarbon/hydrocarbon diblock molecules. In bilayer membranes made IYom fluorinated amphiphites the fluonnatcd 
tails segregate to fonu an internal tellondike hydmphobic and lipophobic film that increases the stability of the membrane and reduces its permeability. 
This fluorinated liim can also influence the behavior of fluorinated vesicles in a biological milieu. For example, it can aft~ct tlae in rive recognition 
and title of particles, or tile enzymatic hydrolysis of phospilolipid compormn|s. Major applications oi' fhtorocaibons ctm'ently in advanced clmic;tt 
trials include injectable emulsions lot delivering oxygen to tissues at risk of tlypoxia; a neat lluorocarbon for t|'eal|!lcBt o|" ;|cute vc~pira|o| 3 failure 
by Ikluid ventilation; and gaseous Iluomcarbon-stabilized microbubbles Ior use as contrast agents for ultra~tmrtd imaging, |;lutn'osuMactaut~ aist~ 
allow lhe preparation of a range of stable direct and reverse emulsions, microemulsi~ms, mutlip!c e|ilul~iollx, ;t|ltl ~eln, ~tm~¢ ~l ~,~ hiqh ;l;;ly include 
fh!ol~t)c~,|rIRtl! arid hydrocarbon al!d aqueous phases simultaneously. Itighly tluorinaled syslcms have imtential flu' the delivery o| dr, g~,, pmttrugs~ 
vaCCilleS, genes, markers, contrast agents and other material.s Its) St~cidtd Ira|l~'ain¢ tie bit~chintie ctt blcdL~gi¢ til~fl~}ctflail¢ / f{I,",C~ iclr, [~;~"~')r 

fluorocarbons I fluorinated amphlpifiles I fluorocarbon emulsions I gels / vesicles / liposomvs ! tubules / brayers I latngm!,tir 
mono!ayers I oxygen delivery / drug delivery / diagnosis 

Introduction 

Fluorine is the most electronegative of all elements, and its 
dense electron cloud has very low polarizability. Replacing 
the hydrogen atoms by fluorines is certainly one of the most 
dramatic perturbations which can be inflicted on an organic 
molecule. Perfluorocarbons (hydrocarbons in which all hy- 
drogens are replaced by fluorines) and perfluorocarbon 
moieties have very strong intramolecular bonds and very 
weak intermolecuhn" interactions. It is no wonde" that per- 
fluorocarbons (fluorocarbons) have properties that differ 
significantly from those of the parent hydrocarbons, and in 
many unique ways. Fluorocarbons substantially surpass hy- 
drocarbons in terms of stability, surface activity and hydro- 
phobicity. They also have higher fluidity, lower dielectric 
constants, higher compressibility and higher gas-dissolving 

capacities. Fluorocarbons are not only extremely hydm~ 
phobic, they arc lipophobic as we!!. This provides a potent 
driving force for fluorocarbon roulette:, to seb, rcgate from 
both lipidic and hydrophilic moieties, and for fluorinated 
amphiphiles to self-assemble into highly stable and well 
organized films, bilaycrs, and discrete supramolecular :~y~,- 
tern' ,arch as vesicles, tubules, etc. Fltmrinated amphiphitc~ 
provide versatile tools for adjusting the properties of such 
org,'mized disperse systems. Fluorocarbons and fluorinated 
surfitctants (fluorosurfactants) also allow the |ormulation of 
a wealth of multi-component,  multi-phasc compartmen- 
talized colloidal systems. 

This short, non-exhaustive review intends to illustrate 
the role that highly fluorinated cotnponenls may play in 
colloid and surface chemistry, it consists primarily of an 
account of the authors'  own efforts and experience in the 
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field, hence will be limited to some specific aspects of this 
chemistry. It ~dso intends to outline the potential applica- 
tions of high|y fluorinated compounds and systems in bio- 
medical re,,earch and in the development of novel therapies. 

Fluorocar~ns and fluorosurfae~nts 

Specific characteristics o f  fluorocarbons 

Carbon,fluorine bonds are, on average, more stable than 
ca~n,h)drogen bonds by approximately 75 kJ mol-I [I 1. 
~rfluorination also reinforces the skeleton's C-C bonds as 
a consequence of strong inductive effects. The stronger in- 
tramolecular bonds in fluorocarbons, as compared to hydro- 
carbons, are largely responsible for the exceptional thermal 
and chemical stability of fluorocarbons. Fluorocarbons re- 
sist to extremely corrosive environments. No bacteria are 
known to feed on fluorocarbons, and no enzymatic degra- 
dation of such compounds has been reported. 

Fluorine's electronegativity, its larger size as compared 
to hydrogen, and its dense electron cloud result in a com- 
pact, re~llent sheath of electrons that protects the perflu- 
o_tSn~led_ moiety and its surroundings against the approach 
of other molecular species, including reagents. This sort of 
'Scotchguard®' effect, at the molecular level, certainly con- 
tributes to rendering perfluoroalkyl chains inert. 

Pe~uoroalkyl (Foalkyl)chains, ie chains in which all the 
hyd~gen atoms have been replaced by fluorine atoms, are 
bulkier .and more rigid than their hydrogenated counter- 
pans, with cross-sections of ca 30 ,~2 vs 20 A2. The Foalkyl 
chair's conformational freedom is strongly reduced, as well 
as the occurrence of gauche defects 121. 

The low polarizability of the fluorine atom results in low 
van der Waals forces between molecules and low cohesive 
energy d~nsities in liquid fluor~arbons 13 l. This is respon- 
sible for many of the n]ost valuable and unmatdied proper° 
tie~ of fluo~arbons, including their low surface tension, 
high fluidity and spending characteristics, extreme hydro- 
phobi¢ity and simultaneous hpophobtclty, high vapor press- 
u~, high comp~ssibility and exceptional gas-dissolving 

' i  caveat es, Additional properties relevant to fluorocarbons' 
potential in the biomedical field include high density, non- 
advance  and antifrietion properties, and magnetic suscep- 
tibility values close to tho~ of water, 

The perfluorocbemicais that are being evaluated for in 
rive oxygen delivery, liquid ventilation, diagnosis and drug 
delivery can be linear or cyclic, and may contain some hy- 
drogen, halogen, oxygen, or nitrogen atoms. The com- 
pounds which have been most thoroughly investigated for 
biomedical applications are shown in figure I 141. 

FI u o ros u rfac t a n ts 

Introducing a F-alkyi chain into a molecule usually renders 
this molecule strongly amphiphilic or further enhances an 

C6F14 4 N(C3FT)3 

1 C8F~7Br C4F9CH=CHC4F9 

2 CIoF21Br 

3 CICsF)6CI CF3"- 'N ,  F # X ' ~  F ~ 
M. . . . /  k . _ . . /  

5 

Fig I. Fluorocarbons most thoroughly investigated for use in |her- 
apeutic applications [4. 441. 

existing amphiphilic character 15, 6]. Fluorosurfactants 
(surfactants with one or more F-alkyl hydrophobic chains) 
are considerably more surface active than their hydroge- 
nated analogs. Surface tensions in the 15 to 20 mN m ~1 
range can easily be attained. 

Fluorosurfactants are of course best suited for effectively 
reducing fluorocarbon/water interfacial te~sions, as for pre- 
paring fuorocarbon emulsions and microemulsions; inter- 
t~cial tension values on the order of 1 mN m ~ are readily 
obtained. Fluorosurfactants are also very efficient, as their 
critical micellar concentration (cmc) is commonly two or- 
der.~ of magnitude lower than fk~r hydrocarbon suri~lctants 
of similar length. Fluorosurfactants present enhatlced resist~ 
ance to biological fluids or corrosive environments. 

The mixing of fluorocarbons and hydrocm'bons is high!y 
non-ideal [71, resulting largely from the difference in co- 
hesive energy between the two types of molecules. Like- 
wise, f luorinated amphiphi les  and hydrogenated 
amphiphiles show only limited miscibility. When present 
simultaneously in micelles [81, monolayers, or liposomes, 
the two types of amphiphiles tend to tbrm phase-separated 
domains 191. Such phase separated liposomes were used to 
simulate the hole formation process that occurs when a mac- 
rophage attacks a tumor cell 191. 

In sell-assemblies of amphiphiles which have both fluo- 
rocarbon and hydrocarbon segments in their structure, flu- 
orinated chains tend to regroup and segregate from both the 
hydrophilic and the lipidic moieties, each clustering in a 
separate ~one. The case of bilayer membranes is illustrated 
in figure 2. This segregation phenomenon is also expected 
to reduce the jutting that normally exists between fatty acid 
chains in bilayers made from phospholipids. 

As noted, fluorocarbons and fluorocarbon moieties are 
significantly more hydrophobic than their hydrogenated 
analogs. The solubility of CF4 in water, for example, is one 



~ - -  Fluorinated hilayer membra~es 

from fluorinated from s|and~rd ll~h~s|~h~lipids 
phospholipids + FnHm diblm'~s 

I 
b ,0V-  

t 

Fluorinated ~ _ _ _ _ _ _ ~ " - - ' - a ~  "~ ~ ----A,U 
...... l i l l O $ O t t l  ¢ 

l 

_3 L _ .  Internal flm~rinated fihn 
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Fig 2. Fluorinated bilayer membranes and fluorinated liposomes 
can be obtained from lluorinated phospholipids (a) and from a 
combination of standard phospholipids and fluorocarbon-hydro- 
carbon diblocks (hi. in both cases, the clustering of the lluorinated 
chains (grey bars) results in the lk~rmation of a hydrophobic and 
lipophobic internal fluorinated, teflon-like film within the bilayer 
membrane. From 1261. 
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order of magnitude Rower ~han that of CHz ~01. The hydro- 
phobic eft)ct of an aikyl chain la complex notion whose 
components are still poorly understood) is generally con- 
sidered to be roughly proportional to its area in contact with 
water [ | | ,  | 21. 

It should be emphasized that fluorocarbons and F-Nkyl 
chains are not only strongly hydrophobic but lipophobic as 
well. Therefore, they can develop a lipophobic effect on mp 
of their hydrophobic effect. The former is clearly illustrated, 
for example, by the fact that certain simple mixed fluoro- 
c a r b o n - h y d r o c a r b o n  d i b l o c k  c o m p o u n d s  of  the 
CnF2n+ I CmH2m+ | type (FnHm; fig 3), form micelles [13] and 
fibrous gels [14] when dispersed in a fluorocarbon or a hy- 
drocarbon. 

Synthesis t~f, flttotvsn rfiwtants 

Numerous pure f!uorosurfactant molecules have recently 
been reported in the literature (see lk)r examples and for 
fiirther references [5, 6, 15-24]). Most commercial products 
consist, on tile otiler hand, of complex, often poorly defined 
mixtures, not well suited for physicochemical determina° 
tions or biomedical experimentation. 

CnF2n+l CmH 2m+l 

n - - 6 , 8 ,  !0 

m = 2,4, 10 

6 (Fntlm) 

CnF2n+l CH = CHCmH2m+I 

n = 6,8, 10 

m = 2,,I, 10 

7 (FnHniE) 

CnF2n+l CH2CH = CHCmH2m+I 

8 

C6F+ 3CH = CIC6H 13 

CxF17(C!. 2)20C(0)~!I NtlC(O)+R 
Ctl 2 

I 
C8FI 7 (CFI z )z OC(O) CI+I 2 9 

CI2H25OC(O)CHNH C(O)R F 
I 
CH2 
i 

CI 21t25 OC( O)CH 2 I 0 

a: R = --(22147CH =Ci+1C81117 

b: - ~ O ( C H  2)5OC6H13 

a: RF= -C8F17 

b: R F = -  CF(OCF,~CF),+OC 3F7 
I ~1 '~ " 

CF 3 CF 3 

CI2H25OC(O)O(CH2)2 
N 

N-C(O)OCF (OCF2CF)'~OC3F7 

H 2 5 0 C ( 0 ) 0 ( C I t 2 )  / 2 I + CI 2 CF~ CF 3 

Fig 3. Mixed fluorocarbon-hydrocarbon diblock molecules utilized as components of disperse systems 135, 40-421. 
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As part of a program aimed at developing novel or im- 
proved f l u o ~ a ~ n  systems susceptible of biomedical ap- 
plications, the synthesis of a variety of well-defined pure 
fluorosuffactants was undertaken, including neutral, an- 

derivatization; etc, The > ~ lar  heads included diverse types 
of polyols, sugars, amino acids, amine oxides, phos- 
phatides, ~lyhydmxylated telomers, etc [6, 24]. Figure 5 
shows typical examples of such materials. Any desirable 
bioactive agent, immunological or other marker may of 
course be grafted onto fluorosurfactants just as they can be 
grafted onto standard amphiphiles. 

Fluorosurfactants constitute versatile new components 
for the preparation of vesicles, fibers, tubules, ribbons. 
helices and other supramolecular aggregates. These com- 
pounds can be u~d to manipulate the characteristics of such 
systems and to modify those of stanctard hydrocarbon sys- 
tems, ~uorosurfactants are also unique for the formulation 
of multi-phase, multi-component colloidal systems, includ- 
ing direct and reverse fluorocarbon emulsions, multiple 
emulsions, microemulsions, gels, aerosols, etc (fig 6), many 
of which express potential for drug delivery and targeting 
[25=31 ], A parallel research objective is, from a more fun- 

damental standpoint, to determine and understand the im- 
pact of the fluoriimted moieties on the formation and beha- 
vior of the colloidal systems of which they are a part. 

A def:nite prerequisite for fluorosurfactants to be used in 
biomedical research and in pharmaceuticals is that they be 
pure and well characterized. This supposes synthetic 
strategies and laboratory practices that integrate these re- 
quirements from the outset. Convenient starting materials 
to produce fluorosurfactants are available primarily in the 
form of perfluoroalkyl iodides. CnF2n+II (RFI). and acids 
C,F2,+tCOOH. Compounds of the CnF2n+IC2H4X type. 
with X = I, OH. SH. COOH, etc, are also commercially 
available and constitute valuable reagents as the C2H4 
spacer shields the X group from the influence of the F-alkyl 
chain. The reactivity of X is then usually back to normal, 
and standard synthetic procedures can be applied. Hydro° 
phobes with longer alkyl spacers are easily obtained by ad- 
ding Rr:! onto appropriate terminally unsaturated alkyl 
chains. The synthesis and purification of fluorosurfactants 
can. however, be frustratingly complicated due to high sur- 
face activity and decreasing solubility that is usually ob- 
served when the length of the F-alkyl chain increases. 

Fluorocarbon-hydrocarbon diblocks 

The simple (perfluoroalkyl)alkanes 6-8 (fig 3) are amphi- 
philes, not in the usual sense, associating hydrophilic and 
l ip  phdac moieties, but in an extended sense in wlfich one 

Bioacttve Hydrophlik Spacers Connectors !tydroph,tbi¢ 
entity head tails 

P hyd~t~'arb~m 

fluorocarbon 

Iluorophobic 

lipophobic 

4. A modular construction set for fluorinated amphiphiles that allows stepwise adjustment of properties. From 125l. 
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Phosphochoiine 
÷ 

R¢CH,)nOP~O)~ ~ N~CH~) 3 

| | (FnCmPC) 

n = l ; R  F=C9FI9  

n = 2 ; R F = C4F9, C6F13, C8F17 , CIoF2I 
n = 5 ; R F= CgFIT, CIoF21 

n = 11; R F= C4F 9,C6F13, C8F17, CIoF21 

R F(C H 2)hOP{O)[ O¢CH 2CH 20)pC H 3 t 2 

n = 2 " p = 2 , 7 -  RF= C8F17 

n = 5 • p = 7, 16 • R F= C8F17 

Ph osp~latidyic ho lin e 

C nF2n+l (CH 2)m X ~ , .  

C nF2n+i (CH 2)m X OP(O2)" O ~ N*(CH 3 ) 3 

x = coo, c o  ! 2 

n = 4 ; R F = C4F9, C6F13 , C8F!7 

n = 5 ; R F=C6FI3  

n = 10; R F = C4F 9,C6F13,CSF17 

RF(CH~nC(())NH } + 

OP(O) 2 0 / ~ f  N(CIt3) 3 
RF(CH 2)nC(O)N H 

n = tO • R F = C4F9, C6F 13 

Morpholinophosphate s 

R 4CII~)n()P(())(N ())~ I RF(CI| ~)n()l 3P{())t N ()) 

13  (FnCmDMP) | 4 (FnCmMMP) 

n= I ; RF= CTF15, CgF19 

n - 2 ; R F = C4F 9, C6F 13' C8F17' C1oF'21 

n = 5 ; R F= C8F17 

n = 11 ; R F= C6F13, C8F17 

Xylitol 
OH 

O!t OH 

16 

X = (CH2)nCO 

RF = C4F9' C6F13' C8F17 

n = l  'R F=C9FI9  

n = 2 • R F = ChF 13, CgFI7 

CIoH21(CF2) 1 ! O P ( O ) ( ~ _ ~ ) ) 2  

15 

X = CH=CIt Ctt 2 

n = 2  "R F=CSF 11,C8F17 

n = l O  'R F=C4F 9,C6F 13 

Fig 5. Typical examples of recently synthesized fluorosurfactants intended for use in biomedical research and in pharmaceuticals 16, 241. 
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Telomers derived from tris(h ydroxymeth yl)aminomethane 

RFC 2H4S[C H 2 C (RiC (O)N HC (C H 2OH)3IpH 

17 

RF(CH2)2 
CH X [C H 2C HC (O)NHC(C H2OH)3]p H 

C H3(CH2) n / 
18 

R F = C6FI 3, C8F!7, CIoF21 

R = H ,  CH 3 p=4-12 

X=S ; RF=CsF17: n=lO ;p=20  

X -- NHC(O)(CH2)2 S , R F = C6F13, C8F17 
n =8,  10; p -  |0-11 

Galactose 

.o ~---(Ii' 
~ ()(CII ~)211.F 

OH 

R F = C6FI3, C8F17 

Glucose 
r "  Oll 

I I ( ~  

011 

O(Z)R F 

r"" O(Z)RF 
tiO / ~ " "0  

OH 

Z = (C H2)2C H=C H 

Z = C(O)(Ct!2) n ; 

Z - C(O)(CH,)) n ; 

; RF= C4F 9, C6F!3 , C8F17 

n=2 ; R F=CSF 17 

n= 10 ; RF=C4F9,C6FI3 

r"" Otl 
RF(CH2M C ( O ) ~ O ~  

HO 

()tl 

Oil 

g ~ (Clt~)~ ; RF~ CflFl3, CSFI? 

1 ~ (CFI2I;!CI~I=CFI i RF~ CleF13' C8F17 

n~2  ', l F~CSFI? 

n ~ l(i ; RF=C4Fg, C6FI3 

Maltose 

r"" OH r,,,, Ol l  
,¢~--,,i i / I - O  

!to . . , i , .  -~ 

OH OH 

O(Z)RF 

19 

Z = (Cil2) ~ ; R F = C6F13, CsFI? (ix, [,~) 

Z ,, (C H 2)nC H :C II ; n = 3 ; R F = CfiF 1 3 (l$) 

Z = (C H 2)n C !1 : C  H ' n = 9 : R F = C6F 13' CsFI ? ([I) 

Trehalose 

¢,p OC(OXCH2)nR F 

)-o, 
[,,¢,lit ~ ./( olt t '~  

°"\o_l/io. 
OH 

lO 
n=2 ; l F=CIFI7 

n =4 ; RF=CfFI3, CsF17 

n = IO ; RF=C4Fg, C6F13 

Fill 5. Conthlued, 



Lactose 
i ~  'He ~O)t( H ,3) ~CsF ~ -7 

Ho ~-'-o o / < X ~  It'" z " ~  \ C~O>NH~C:H2)~CH3 

[ "¢ (CH2)2S(CH'~)'~ C6FI 3 
OH Z = NHCH2C(O)NHCH " " 

! 21 ~ (CH,~)9 C6F 13 OH " -  

r -1 / (CH'~)~RF 
Z : LNHCH,C(O)JpNHCH " "  

- ~ (CH2)sR 

p = | ' R = C H  3 ; RF=C6F13 'C8F17 

p = l  ; R = C H = C H  2;  R F=C6F13,C8F17 

p = 2 ' R = C H  3 " RF=C6FI3  

G lucophosphohpld: 

RF(CH2) 2 , ~__()H 

Cl|3(Ct|2)f " O 

H O ~ / " ~ "  
22 oit 

RF= C6F13' C8F17 

()tl 

Alanine 

R F ((7 I ! -~) ,~(7 It C O O 

+ 

N(CII3)  3 

RF = C4F'o' ('~ll::l ~' ('bll:l 7 

I i i  • o 

C arn rloae 
+ 

/ C I i 2 N (C tl 3)3 
R F (C It 2)nC ( ())()C ILl 

'NC H -~C (:) O" 
25 

n = 4  • RF=C6F13,  CsFI7 

n :  lO '. RF=C6F'13, CsF17 

Acid 

CnF2n+l('()()ll 27 

Galactophospholipids 

f (CH2)2CsFI 7 
[~OP(O) 2- O-  CH 

1 t ~ -  , k  "~ (CIt2)4CgFI 7 

" N ~ ~ , ~  oH 23 
OH 

Betaine 

C it 3 
+1 

R F (C tt 2)n ~ (C H 2)m C () () 

C !t 3 24 

n : 2  ;in : I ; R F:~('4|:9,(IOFI3,CI~F|7 
n = 3  ; m = 3  ; RF~C8F17  

n = 3  ; m ~ 4  ; R F ~ C s F 1 7  

n = 3  ; m = 5  ; R F = C S F I 7  

Amine oxide 

C7F" ! 5C(O)N H(CH 2)3N(O)(CH 3)2 

26 

A m m o n ill m 
+ 

CnF2n + 1Cmtt ~mN(CH 3)3, CI 

Fig 5. Continued. 
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of the • ' s contrarte~ is lipophilic and the other fluorophilic. The 
surface activity of mixed fluorocarbon-hydrocarbon di- 
b i l k s  is illustrated by their capacity to reduce the surface 
tension of hydrc~carbons [32]. These diblock compounds 

orocarbon media, CsFi ~Ct~,H~3, fo r  example, forms micelles 
in toluene, and reverse micelles in pertluorooctane 1131, as 
well as bilayer-type crystal structures [33, 341. Bilayer- 
based fibers were reported to form in benzene and 2-buta- 
none from amphiphiles 9 and 10 (fig 3), which bear two (or 
one) fluorocarbon chains and one (or two) hydrogenated 
chain grafted onto a chiral L-glutamate residue 1351. 

CnF2,+tCmH2m+i (FnHm, 6, fig 3) diblocks can fulfill 
multiple functions: they were shown to strongly stabilize 
fluorocarbon emulsions and to allow precise control of the 
emulsion's particle size I361; they also allow the preparation 
of lipid-in41uorocarbon emulsions 1371; when added to the 
fluorocarbon phase of such emulsions they enhance the so- 
lubility of lipophilic drugs; when incorporated into liposo- 
real membranes, they strongly increase the shelf stability of 
the liposomes, reduce their permeability 1381, and can rood- 

ify their behavior in a biological milieu [391. The synthesis 
and purification of mixed fluorocarbon-hydrocarbon di- 
blocks is straightforward [40--42]. 

Biocompatibilio, and pharmacology of fluorosurfactants 

The biocompatibility of liquid fluorocarbons is well do- 
cumented as a result of the intensive efforts that have been 
devoted to the development of injectable, 'drinkable', or 
'breathable' oxygen carriers and imaging agents [26, 27, 
43-51]. In contrast, research regarding the pharmaco- 
kinetics and toxicity of fluorosurfactants is still very 
limited. 

The available data indicate that introduction of a fluori- 
nated chain into a surfactant does generally not increase its 
acute toxicity, rather the opposite, despite considerably in- 
creased surface activity [6]. Intravenous LDso values in 
mice depend strongly on the polar head and the structure of 
the hydrophobic tail(s) (table !). Values as large as 7.7 g/kg, 
4 g/kg and 2 g/kg were reached for compounds of the series 
12, 17 and 13, respectively. Comparison with hydrocarbon 
analogs shows a roughly parallel variation of LD50 or MTD 
values. These values are usually higher for the fluorosurfac- 
rant than for its hydrocarbon analog on a weight by weight 
basis; this advantage is less pronounced on a tool per tool 
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s~ STEMS 
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VesMes Fibres 

W,In.FC 4#oW OiI,i#°FC.in°W 
Mul¢iple emulsions 

water ~ ; fluorocarbon (FC) ; hydrocarbon oil (HC) ; solid particles 

PL' phospholipids ; FS,' fluorinated surfactant ; HS" hydrocarbon surfactant ; FC-HC: fluor~;wbon-hydrocarbon diblock 

Fill 6, Rex, ently developed colloidal systems based on highly fluorinated materials. 
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Table L Acute toxicity of some fhmrosurfllclams. Examples of |oO5~ (lelhal dose tbr haft of the poptdaaon treated r or MTD (maxmmm 
tolerated dose) values measured for |ypical fhmrosurfi~ciams and some hydrocarbon analogs lm imlics~ 16~ a. 

Compoumt In vn,~, toa-a ,i~v 

LD5u MTD 

C4F9Ci |H22-phosphocholine 11 
CsFlTC2H4-phosphocholine 11 
CsFiTCsHio-phosphocholine 1 | 
CsF z TC ! ~ Hz2-pimsphoeholine 11 

(C6F! 3C4Hs)2-glycerophosphocholine 12 
(CsFI 7C4Hs)2-glycerophosphocholine 12 
(C4FgCloH2o)2-glycerophosphochofine 12 

Egg yolk phospholiphts 

CsFtTC2H4OP(O)[N(C2H4)2OJ2 13 
CsFIvCI I H22OP(O)IN(C2H4)2012 13 
(C6FI 3C2H40)2P(O)N(C2H4)20 14 
(C9FIgCH20)2P(O)N(C2H4)20 14 

CsFI7CH = CHCH2-xylitol-5 16 
CsFITC2H4SIC2H4C(O)NHC(CH2OI-|)3 k, 17 
C IoH2 I-S[ C2H4C( O)NHC( CH2OH )3 ]6 
C6FI 3C2H4S[C2H4C(O)NHC(CH20H)315 ! 7 
CsH I 7 7[ C2H4C( O )Nt!C( CHeOH )314 
(CsF 17C2H4){O~H |~)CHNHC(O)C2H4SIC2H4C(O)NHC(CH2OH)3 ] 14 
(CoFI 3C2 H4)(CgH 19)CHNHC(O)C2 H4S[ C2H4C(O)NHC( CH 2OH )3 ]l 0 

CsFiTC2H4-maltose-! 19 
C toH2 t-tmdtose- 1 
CsF ! 7C4HsC(O)-trehalose-6 20 
CsFI 7C2H4SC2H4C(O)N HC(C H 20-galactose B 
C t 2H25-SC2H4C( O )NHC( CH 20-gah"'tose ) 3 

CoF 13C). H4OP( O)2--glucose-6 
(CaFI 7C.~H4)iCsFI 7C.lHs)CHOPO~--galactose-6 23 
(CsFITC2H4)(C*~H I,~)CItOPO3"~galaclose -6 
(Ct~FI/C2 H,I )( C9 H I ,J )C H OPO:-Mall |lOSe- 6 

C4F,~ (CI!2}2N + (Me)2CH2C (0)0 ° 24 
CsFI7 (CH2)3N + (Me)2 (CI12)3C (0)0 ° 24 

< 50 

> 7700 (6/10) 
7000-10000 

*4000 

I i 90 
< 2350 t0/10) 
> 625 (7/10) 

18 
18 

> i 300 18/I O) 
< 500 ¢0/!0) 

751) 

< 250 121111) 
< 251114/1t11 

375 
250 

125 (8/10) 
25 
125 
25 

> 2800 
> 2800 

*> 2000 (11)/10) 
> 2000 (10/10) 
*> 4t)00 (8/10) 
*> 2000 (9/10) 

460 
> 1820 (10/10) 

3950 (9/10) 
< 1250 (8/10) 

> 3750 
2500 (9/! O~ 

250 
< 125 ¢8/!0) 

250 
> 500 
> 250 

50O 

25O 
125 

CsFt 7 (CH2)4C(O)ocamitine 25 2511) 
Ci2H2sC(O)-carnitine < 125 

air (tail vein) or *ip in mice (n = !0). 

basis. One should, howewer, keep in mind that, because of 
their high efficiency, fluorosurfactants can often be used in 
concentrations 10 to 100 times smaller than those used for 
classical surfactants. 

Perfluoroalkanoic acids, 27, have received particular at- 
tention due to their industrial applications as catalysts in 
certain polymerization reactions. These acids were fotmd to 
be rather toxic, with ip LDs0 values of 190 and 40 mg/kg 
body weight in rat for perfluorooctanoic (PFOA) and per .  
fluorodecanoic (PFDA) acids, respectively 1521. The pat- 
terns of toxic(ties observed appear to be significantly 
different for these two acids, and are also species- and sex- 
dependent. Both acids induced peroxisome proliferation in 
hepatocytes and considerable changes in enzyme activities. 

No metabolites were identified. On the other hand, no ill 
effects were reported in plant workers exposed to PFOA in 
spite of the considerably higher than normal organic fluo 
orine levels found in their blood 1531. The distribution, me- 
tabolism and excretion of PFOA and PFDA have been 
investigated rather extensively 154, 55]. 

Other, more limited biodistribution and disposition 
studies involve the non(onto telomer 17 (Rv = C~,FI~, P = 5= 
6) 11561. Rats were given a !00 mg/kg dose of CO (amide)- 
114Cl-labeled telomer by the iv or ip routes. The compound 
was found in all organs except the brain. The radioactivity 
was mainly excreted with the urine. Some 14CO2 was found 
in the expired air. Urine and plasma analysis with an anionic 
resin showed that part of the telomer had converted inlo a 
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polyanionic form. indicating that metabolism had oc- 
curred, possibly by hydrolysis of the amide bond. There 
was no evidence, however, that the F-alkyl chain was 
metabolized. 

ttrongly reduced and often sup- 
chains ~e introduced in a surfac- 
le, no detectable hemolysis was 

seen with a 30 gL -t micellar solution of 13 (F8C2DMP), 
while its hydrogenated analog is highly hemolytic at I gL-t. 
Hemolysis by fluorosurfactants is actually seen to decrease 
as fluorinated chain length, and consequently surface activ- 
ity, increase within a series. The longer the fluorocarbon 
chain, the less hemolytic the compound (table !I). This is 

the exact opposite of what usually happens with hydrocar- 
bon surfactants. 

Some attention was given to fluorocarbon-hydrocm'bon di- 
block amphiphiles. No effect on the growth and viability was 
found when such compounds were incubated with Namalva 
cells [36L inhibition of carcinoma cell proliferation was 
noted with CoFt3CmH2t, while proliferation decreased by 80% 
in the presence of decane [58]. The growth and survival of 
mice was not affected by the intraperitoneal administration of 
about  30 g/kg body weight  doses of 
C6Ft3CH--'CHCt0H:ffF6H10E) or of F6H I0 [36, 591. Even the 
iodinated mixed compound C~,Ft3CH---CIC6Ht3 was tolerated 
intraperitoneally by mice at a 45 g/kg body weight dose [601, 

Table  II, Hemolytic activity of Iluorinated surlactants as compared to hydrocarbon analogs 16, 28, 571. 

C?oml~mnd Hemolytic activity 

C~Ft ~2H~-phosphocholine 11 
C~FtTCsHl0-phosph~holine 11 
C~FtTCl tH~_~-phosphoeholine I I 
C t ~la t.pho,ff~hocholine 
C I6HjJ--I~hosphocholine 

g L I mmol L'i Gradinga 

3O 47.7 0 
50 74.5 0 
I 1.32 +++ 
I 1.55 ++++ 

O, 0025 0, 006 + + + 

(C6Fi;~C4H,):-glycerophosphocholine 12 
(CsFl~C~H,)~-glycerophosphocholine I I 
(CaF~' l  ofl~o)~ogly~emphost)hocholine I 2 
(Cyril ~l~,g(v¢,en~t~hosphocholine 

60 62.4 0 
60 56,6 0 
I(tO 1(15 0 

0.75 1.33 ++++ 

C~ F t ~C2H,IOP(O)I N(C~ 1,1,, ) : 0  I: 13 
C t¢~12 tOPl O ~l N( ¢2H,t)aO I2 

30 44 0 
1 t,, ,~ + + + +  

C~I - t~f;~H,~SIC~Haf(OINI~ICqC II~OH),~I~ I'/ 
C it~F~ iC~1 t,~SIC~H~C(())NHC(CH~OH),~ I~, I ' I  
¢ I¢~to~IC, aH~C'fO)NHC ( C?HaOHL, t, 

2()(l () 
2(l(l (i 

l ++++ 

C~Fi3C~lh-malloseo I 19 
C~FrtC~H~-m@ose. I 19 
C ioll~ l,maltose, 1 

Io9 o 
40" 0 

I ++ 

C~Ft 3C4H~C(O)-trehalose.6 20 
C~F|~4Ht~C(O)-t~halose4~ 20 
C,~F~ t0H~0C(O)-trchalose~6 20 
C' l~#la ,Cf O).trehaloseo6 

0 
t). I ++++ 

I + + + +  

C~Ft ~C,~H~OP(O)~,-.glucose.6 
C~Ft ~:~H,~OP(O)2--glucos¢-6 
C l r~ lOPf O ) ,,.'oghu,ose.6 

, " 24 CsFI~ (C!t~)~N + (M¢)~ (CIt~)~¢ (OTO" 
CIaHL'~N* fMe~a tC H,~ ).¢( f OJO" 

C~Ft ~ (CH2hC(O)-camitine 25 
Ct, Ft ~ (CH2)u~(Ol-canfitine 25 
C,q~21CfOJ,c~mirine 

I(~) 0 
30 I~ 0 
5 ++++ 

2(X) 358 0 
I 3.25 +++ 

25 0 
O. I ++++ 
2 ++++ 

~rading: 0, +, ++, +++, ++++ co~sptmd to I~rcentages of hemolysis between 0 and 5%, 5 and 15, 15 and 40. 40 and 60, and > 60%, 
rcs~tively; 0.9% NaCI and distilled water prt~uce 0 and 55% hemolysis, resl~ctively, bAt'ter dispersion in a Pluronic F-68 solution. 



The biodistribudon and excrclion of tile diblock como 
pound F6HIOE, was investigated in rats using a 25% w/v 
emulsion of pure diblock 136, 591. The anhua~s received a 
3.6 g/kg dose of the compound intravenously; tissue dis- 
tribution was assessed by U'~F NMR. A ha|fli | 'e of 25 + 5 
days in the liver, the organ which had taken up most ~70%) 
of the injected dose, was estimated for F6HIOE. No new 
signals were detected in the 19F spectra, indicating that me- 
tabolism was absent or minimal, which, if confirmed by 
more sensitive techniques, should greatly simplify further 
toxicology and pharmacology studies. The shorter diblock 
FSH8 was determined to have an organ half-life of about |4 
days (Weers JG, personal communication). 

hnpact oj~fluorosurfactants on the behavior of l~ardcle~' 
in a biological milieu 

The ability of fluorosurfactants to influence the in vitro ad- 
sorption of proteins and phagocytic uptake of particles was 
investigated using calibrated polystyrene microspheres. 
The microspheres were coated with the surfactant and incu- 
bated in swine serum or submitted to phagocytosis by 
mouse peritoneal macrophages. Both the fluorinated chain 
and the hydrocarbon spacer length had an effect. Reduced 
protein adsorption and phagocytic uptake in serum was ob- 
served when the microspheres were, for example, coated 
with CsFiTCmH2mPC, 11 (m = 2 and 5), uptake was then 
comparable to that observed with a pegylated phospholipid. 
No effect was seen with a longer spacer, as in 11 (n = 8, 
m = II), or with non-fluorinated analogs 161 ]. Lower pha- 
gocytic uptake was also observed when the microspheres 
were coated with certain of the tris(hydroxymethyi)amino- 
methane-derived telomers 17 1621. 

Drastic reduction of the rate of enzymatic hydrolysis of 
phospholipids by pancreatic l)hospholipase A2 was obo 
served when diblocks of type 6 were introduced in the mem- 
brane of a liposome 1391. In order for the phenomenon to 
be observed, the length of the hydrocarbon moiety of the 
dibloek must be sharply adjusted to that of the phosphoo 
lipid's fatty acid chains (fig 7). It must have at least ten 
carbon atoms in the case of DMPC and twelve in the case 
of DPPC, indicating that this moiety is probably inserted 
among the fatty acid chains of these compounds. The length 
of the fluorinated moiety does not appear to be determining 
but the presence of the fluorinated chain is indispensable, 
which again illustrates its role as a membrane-structuring 
element. 

The intravascular persistence in mice of carboxyfluores- 
cein-loaded vesicles made of fluorinated phospholipid of 
type 12 was several times larger than those of similarly 
sized conventional DSPC or DSPC/cholesteroi liposomes 
163!. As in the case of 'pegylated' liposomes, the circulation 
time was independent of the dose administered. 

It is certainly remarkable that the internal structure of a 
fluorinated I'ihn can have such impact on the behavior of 
particles in vivo or in a biological milieu. 
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Fig 7. Incorporating fluorocarbonohydrocarhon diblocks, 
CnF2n+ICmH2n~+I (FnHm), into vesicles made from DMF~7 (dimydso 
toylphosphatidy!choline) (a) or DPPC (dipalmitoylphosphati~ 
dylcholine) (b) results in a drastic reduction of the rate of enzym~tic 
hydrolysis of these phospholipids by pancreatic phospholip~!~,¢ A2 (~.,, 
monitored by changes of absorbance of a pH indicator). From 13~)L 

Self.aggregation of fluorinated amphiphiles 

The greater hydrophobic effect developed by F-alkyl chains 
as compared to alkyl chains, combined with the above men° 
tioned lipophobic effect, and the larger cross section and 
higher rigidity of the chains, result in an enhanced tendency 
lor fluorinated amphiphiles to self-assemble. Sturdy mono 
and bilayers, and diverse lamellar and non-lamellar phases 
form at low surfactant concentrations, in water and other 
solvents. 
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FIR 8, Compression isotherms of Langmuir monolayers made from 
fluorinated double-chain monomorpholinophosphates 14 
{FnCmMMP, fig 5). F6C2MMP forms a liquid monolayer Ca). 
~ / M M P a  highly organized solid monolayer (b), and FSC2MMP 
presents a liquid-to-solid transition (c). This indicates that increas° 
ing the degree of fluorination of the tail. while maintaining its total 
lenglh constant, leads to increasing order, and that subtle change.,, 
in chain length can indu~:e subst~mtial m~lifications in the mono~ 
laye,"s behavior. From 1671. 

Lontcmutr films and black I#~id membranes 

Fluorinated amphiphiles readily form Langmuir monoo 
layers 1641. The higher difference in energy between gauche 
and irons conformations, and the reduced number of kinks 
present in fluorinated vs hydrogenated chaius facilitate the 
amphiphile's organization. Fluorinated chains have a strong 
tendency to orient themsdves I~q~ndi~ularly to the water 
surl'~e due to exceedingly low daainowater interactions, 
This is illustrated by the fact that even a non-~lar mole- 
cule, ~rtluoro, n-eicosane, C:0F~, can form ordered and 
stable monolaye~ at the surface of water [651, 

Further studies of monolayers made from fluorinated am- 
phiphiles include those from Elbert et al [91, Barton et al 
[21 and Jacquemain et al 1661. Monolayers made from tile 
single-chain phospht~holine (FnCm~) and dimorpholino. 
phosphate (FnCmDMP) derivatives i1 and 13 a~ remark- 
ably stable, even with only ten-carbon-long hydrophobic 
chains such as in ~ C I ~  and FSC2DMP 11671, Tile hydro- 
carbon spacer inserted between the fluorinated termination 
and the polar head can have a definite disorganizing effect 
on the monolayer, In the FIOCm~ series, for example, the 
disorder ~sulting from the confinement of the fluorinated 
and hydrocarbon segments in the same chain, as expressed 
by an inc~ase of the limMng polar head area (ie area extra- 
pointed at zero pressure), was found to increase when the 
hydr~arbon spacer increased from m = 2 to 5 (A~, = 60 +_ 
0~5 and '70 ± 6,5 A~ I~w FIOC2~ and FI(~5I~?, res~c- 
tively), On the other hand, the limiting area was found to 

decrease for m = II (A~, = 60 +_ 0.5 A,2 for FIOC11PC), in- 
dicating that when the hydrocarbon spacer has reached a 
critical length, which was found to be about m = 5-7, chain- 
chain interactions may become strong enough to compen- 
sate for any induced disorder [671. 

Recently, amphiphiles of type 15, in which a F-alkyl seg- 
ment is inserted between a hydrocarbon chain and the di- 
morpholinophosphate polar head, have been synthesized 
[681. The study of the monolayer and self-aggregation be- 
haviors of such 'reverse' amphiphiles is presently investi- 
gated and compared to that of 'direct '  FnCmDMP 
amphiphiles. 

Small incremental increases in fluorinated chain length 
can result in drastic modifications in monolayer organiza- 
tion and behavior. Thus, within the series of doubleotailed 
F-alkylated monomorpholinophosphates 14, F6C2MMP 
forms a liquid monolayer, while F8C2MMP presents an iso- 
therrn with a liquid-to-solid transition (fig 8). Increasing the 
Fn/Cm ratio, ie the degree of fluorination of the tail, while 
maintaining its total length constant, leads to increasing 
order as illustrated by the fact that F9CIMMP forms a 
highly organized solid monolayer, while F8C2MMP ex- 
hibits a phase transition (Goldmann et ai, in preparation). 
The liquid condensed phase of both compounds is strongly 
organized and exhibits intense Bragg peaks when examined 
by grazing incidence X-ray diffraction, 

Black lipid membranes (BLMs} with a perfluorinated in- 
ternal film have been produced tYom combinations of phos- 
pholipids and fluorocarbon/hydrocarbon diblocks (Krafft et 
al, in preparationL These fluorinated BLMs turned out to 
he exceptionally long--lived and sturdy. Tl~eir capacitances 
are two to three l illl~s larger (depending on die diblock} than 
iu the absence of dihlock, and arc auiong 1he highest re- 
ported Io date. The thickness el' tile inner fluorinated core 
of the melubrane was estiulated Iu 20 A in the case of 
F6HIO (6, fig 3), indicating that the fluorinated chains are 
not interdigitated, 

~,sic&s with a.thtorbtated bilayer membrane 

The outstanding ordering and stabilizing capacity of fluori- 
nated amphiphiles is clearly illustrated by the finding that 
even short single-chain F-alkylated phosphocholine deriva- 
tives of type II, upon gentle stirring, form highly stable 
vesicles without the need Ibr any co-surfactant, or for any 
supplementary intermolecular associative interactions such 
as those that derive from the presence of hydrogen bonding 
between polar heads, ion-pairing, polymerization, diace- 
ty!enic rod-like segments, etc 1691. Tllese vesicles even 
withstand heat sterilization without noticeable changes in 
particle size, ie are more stable than those obtained from 
standard double-tailed phospholipids. Under the same con- 
ditions, the hydrocarbon analogs of II (n = 2, m = 8). in 
terms of chain length (CIOPC) or in terms of equivalent 
hydrophobicity (CI5PC), only provided tnicelles or 3D 
crystals, respectively. 
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It is also remm'kable dml certain singleodlain fluomsm'- 
factants were seen to yield a diversity of self-assemblies. 
includim, small uni lamc llar vesicles (SU Vs ), mu lt iktmel ktr 
vesicles (MLVs~. gianl vesicles, llexible fibers and ri,,id 
tubules, whose formation and interconversion can be con- 
trolled to a certain extent by modifying the experimental 
conditions (fig 9) [70], 

The liposomes made from the F-alkylated phospholipids 
12 were ex tens ive ly  invest igated.  Ster i l izat ion was 
achieved at 120°C in starkdard conditions [71]. Higher gel- 
to-fluid transition temperatures, as compared to the hydro- 
carbon analogs, indicate increased ordering of the bilayer 
membrane [72]. Other stable, heal sterilizable fluorinaled 
vesicles include those obtained from further examples of 
F--alkyhlted phospholipids [73 ], from various glycolipids 2 | 
174, 751 and glycophospholipids 23 1761. In the latter case, 
the leakage rate of entrapped carboxyfluoresceh~ was shown 
to depend strongly, on the sugar (~lucose,_ > mannose > ~,,a- 
lactose ) and decreased with increasing fluori nation. 

Sponta,~eously forming stable ve~ides ~ere recem~} ob- 
lained from mixtures of a perf~uoropo~ye~her surfactant and 
an aikyibetaine [77j. These vesicles were si~m~;n to have 
potential as carriers R~r porphyrin-based biological or bio- 
mimetic molecules. 

Vesicles made from fluorinated ampt~iphiles are charac- 
terized by the presence of a strongly organized, adjustable flu- 
orinated film within their bilayer membranes (iig 2a). This 
hydro- and lipo-phobic fluorinated membrane core conlk-rs 
added drug encapsulation stability as compared to hydroge- 
nated analogs, whether in buffer or in serum [78]. The ~ne-  
trationtsolubilization of the paramagnetic probe Tempo in the 
membrane of vesicles made from F-alkylated phospholipids 
i2 was shown to be suppressed when the fluorinated segment 
wa~ more than tkmr carbon atoms long [721. The release of 
carboxyfluorescein entrapped in such vesicles can be signifi- 
cantly sh~wed 178 ]. The fluorinated membrane did not, how- 
ever, prevent lhe active encapsulation of doxorubicin using pH 
or ammonium sulfate m'adients [79]. The cn~:apsulatk n sta- 

Fig 9, F!uorimtled singleo¢!i~!in toni)hip!tiles cm| yield a variety of supranlolecular a.~semblies witl~ diverse morphologies, while !imir non- 
fluorinated analogs only t'onn micelles, a. Muitilayer vesicles, b. Tubules. c. Internal aqueous core of a tubule, d. Twin tubules, e, Very long 
flexible tubttles, all made from dimorpholinol~hosl)hates 13 (FnCmDMP). f. I-lelices made from a glycolipid of type 21. From 12(~J, 
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bility of the drug was low, presumably because of high per- 
meability to Na* ions, which, after exchange with H+, leads 
to an increase of the intrali~somal pH, thus favoring the re- 
lease of the drug in its muir, diffusible neutral form. 
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colinic acid assay) of phosphatidylserine (PS) SUVs (a), PS/F4H 10 
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induced by adding various concentrations of Ca z÷, The final lipid 
concentration was I00 IaM, From I821, 
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Fig 12. Comparative kinetics of 5,6-carboxyfluorescein (CF) re- 
lease from phosphatidylserine (PS) SUVs (a) and PS/FnHm SUVs 
(b). 100% release corresponds to the fluorescence intensity 
measured after addition of Triton X-100 (0. !% v/v). The lipid con- 
centration was !00 mM and the final Ca 2+ concentration was 5,0 
raM. O, pure PS SUVs: x, F4HIO/PS (1:!); ~, F4HIO/PS (2:1); 
Ill, F6HIOIPS (1;I); A, FSHIO/PS (1:1), From 1821. 

Fluorinated vesicles were also obtained, at lesser expense 
in time and cost. by combining standard phospholipids with 
simple fluorocarbon--hydrocarbon diblocks such as 6 or ? 
(fig 2b). Significantly greater stability and lower membrane 
permeability were again observed, indicating that the flu- 
orinated segments segregate and organize tightly within the 
bilayer 138, 801. Thus, vesicles made of dimyristoylphos- 
phatidylcholine (DMPC) became heat stcrilizable when two 
equivalents of C4FgCH = CHCzoH~I were incorporated into 
their membrane; the particle size of these vesicles had not 
changed noticeably during sterilization or after 2 months 
storage at room tem~rature (fig 10). 

The permeability of vesicles made with the single-chain 
phosphocholine 11 (n = 8, m = 2) was substantially reduced 
when diblocks of tyl~ 6 were added [811, In this case the 
hydrophobicity-driven aggregation of the fluorocarbon seg- 
ments of the two components results in the reconstitution 
of a pseudo double-tail amphiphile and in tighter packing 
of the membrane, 

Incorporation of FnHm semi-fluorinated alkanes (6, 
s~ = 4, 6, 8 and m 10) in the membrane of SUVs made of 
phosphatidylserine also had an impact on the fusion kinetics 
of these SUVs, Fusion was induced by Ca -~+ ions and moni- 
tored by the terbium/dipicolinic acid assay 1821. Both the 
rates of fusion (fig I I ) and of release of the internal content 
of the vesicle (fig 12), as evaluated by the release of 5,6- 
carbo~yfluorescein, were much lower tbr the fluorinated 
SUVs than for SUVs made of phosphatidyiserine alone, The 
FnHm molecules may be dual acting by creating the internal 



Fig !3. Tuhu!e,~vesicle interconversion, Tubules made from a mixture o/~il~gh:~chain dimt~rpht~lintq~ht~phatc~ 13 I[:IIK'2DMP/i:~('S[)MP 
i l;l ) (al, frceze-ft~tctur¢ ¢!¢clm|l. ~tnd f!2, optics|! micro~;~pi¢~} tnm~tom~ into ~,¢,~ic1¢~ (m the g_cl ~tat¢~ (hi0 t l¢¢zc t ~ m ~ ,  ~:t~;~m~ ,rod bL 
optical microscopies) when temperaltu'e is increased. COllversit~n is total at ea 4ff'C (Kraff~ et al, [~ preparation), 

hydrophobic/lipophobic fluorinated fihn within tile memo 
brahe, and by Enhancing file van der Waals inten~ctions in 
the hydrocarbon regions. 

Polymerized fluorinated vesicles can be obtained, either 
by using polymerizable fluorinated amphiphiles to prepare 
the vesicles 183-851, or by incorporating a monomer in the 
lipophilic zones of a membrane made of fluorinated amphi- 
philes (Nakache et al, in preparation), in the latter case 
polymerization results in the formation of a double shell of 
polymer separated by a fluorinated fihn. The surfactant can 
subsequently be removed, leaving the intact double shell, 
further exemplifying the use that can be made of fluorinated 
amphiphiles filr tile microstructuration (1I" space. 

Micmtubtdes 

Hollow cylindrical micmtubules made ¢~1" miled-~li'~ Ifi hlycl:,, ol 
amphiphiles have lecently received cc, nsiderable attention. 
The possible applications of these microtubules ranges from 

use as template,,~ liar the elaboration of new compon~nt,~ t~r 
miclx~ei¢ctrollics such as vaeuunl field emi~icwz cath¢~de~, 
or as models of natural tubules and of enzyme ¢left,~, to 
microcontainer,~ for the controlled i°elea,,~e of active agent~ 
[86, 87J. Micmtubules have been obt:ained from diver~e dido 
persions of diacetylenic phospholipids [8f~], aldo~mmidc,~ 
1871, glutamates 1881, amino acids 1891, coztjugatcd photo 
pholipid nucleosides Iq0] and glycolipids It)l, 921. Cocho 
leate lipid cylinders I°ornl when Ca2~ ions are added to 
phosphatidyiserine SUVs 193 I. Tubules made from a biotio 
nylated dioctadecylamine lipid were shown to exhibit 
propcrlies (1I" molecular recognition toward the protein 
streptavidin which assembles spoi~taneously into ordered 
helical arrays at the tube's surface 1941. The ampifiphilcs 
utilized for the preparation of tubules all have in common 
the presEnCe o fa  chh'al center and ~flen at.~o the capacity 
of f~,'ming hydrogen bollds between thcii ~ polar ~ hcad,~. The 
chiral center was deemed necessary for the inception of the 
roiling-up process which leads to the tubular structures, 
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Ftg 14, Small angle X.ray diflYaction monitoring of the conversion of tubules (at 25°C) into vesicles (at 40°C) in dispersions of a mixture 
of single-chain dimorpholinophosphatos 13 (FIOC2DMP/F8CSDMP, !:1). The repeating distance within bilayers is smaller in tubules (39 
A) than in vesicles (52 A), From [96]. 

We found tl~at microtubules could also be obtained from 
nonochiral, non-hydrogen bound, single.chain fluorinated 
amphiphiles such as 13 (fig 9) [95]. The aqueous internal 
channel visible on the electron micrographs was confirmed 
by ,~pifluorescence microscopy after carboxyfluorescein 
had been incorporated, The fact that hydrocarbon analogs 
of 13 only form micelles further demonsm~te~ the powerful 
structuring effect of the fluorinated moieties, 

Tubules are generally considered as being more or- 
ganized than vesicles, The tubules made of 13 actually 
convert into vesicles when heated (fig 13). Small angle 
X-r~y diffraction measurements showed that the repeat- 
ing distance in the bilayers was smaller in the microtu- 
bulas (visualized by optical and electron microscopies at 
25°C) than in the vesicles which had formed at 40~C (fig 
14) [96], The latter slowly convert back into tubules upon 
cooling, The tubules of 13 are exceptionally sturdy; they 
can b¢ centrifuged, dried, stored, and resuspended in a 
solvent without noticeable alteration of their morpho- 
logy, Changes in the amphiphile's molecular structure or 
in the tubules' preparation conditions allow adjustment 
of tubule length and diameter in a reproducible fashion 
(Oiulieri et el, in p~paration), Fluorinated tubules were 
also grown in organic solvents such as dimethylsulfoxide 
and dimethylformamid¢ [97], Other tubular self-aggre- 
gates have been made by coodispersing a F-aikylated 
phosphocholine of type II with a F-alkylated alcohol 
such as CsFI~C~H~OH 1981, 

The mechanism of formation and evolution of tubules 
has been unraveled using optical and electron microscopy. 
In the case of tubules of FIOC2DMP, monitoring in real 
time me various steps of their formation was possible in 
dimethy!formamide (Giulieri et .I, in preparation), Forma~ 
lion of tubules was ~een to involve the aggregalion and 
fusion of vesicles to yield flat multibilayer sheets; these 
sheets were then observod to roll-up IYom opposite sides to 
form twin cylindrical microstructures, which eventually 
separate into isolated tubules. Depending on the amphb 
philo, tubules retain their morphology for many months, or 
collapse and expel the solvent present in the inner core, 
eventually yielding crystalline needles [981. 

Additional tubules were obtained from anionic double- 
tailed glucolipids of type 22 (fig 15) [991, The formation of 
these tubules is pH-dependent, indicating that the tbrmation 
of hydrogen bonds between the phosphate group and a hy- 
droxyl group of the sugar is likely to be involved. At a high 
pH, the polar heads of the amphiphiles are less hydrated and 
tubule formation is favored over vesicle formation. Both the 
partly-fluorinated glucophospholipid 22 and its fully hy- 
drogenated analog form tubules. Introducing one fluori- 
nated chain allows the vesicle-tubule transition to occur 
above room temperature; it also has a significant impact on 
tubule diameter which becomes five to ten times smaller, 
reaching values of 300 nm. The structure of fluorinated tu- 
bules has been studied by electron microscopy, small angle 
X-ray and neutron scattering experiments [96]. 
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Fig 15. Tubules formed from a mixed-chain fluorocar- 
bon/hydrocarbon gh~cophosphofipid 22 as observed by 
cryoqransmission electron microscopy Ca) (note the inter- 
hal aquec, us core) (from [961), and by' negative staining ~b) 
{ fronlt [99] ~. 

Colloidal systems with a f luorocarbon phase 

ObtabHng stable.fluorocarbo~t emuL~'iot~s 

An extensive range of direct, reverse and multiple emul- 
sions, gel-emulsions and microemulsions with a fluorocaro 
bon phase have been reported (fig 6). Achieving stability is 
a stringent requirement for these emulsions' usefuhless and 
commeta:ial viability. Insufficient stability downed the first 
fluorocarbon emulsion for oxygen delivery that was ap- 
proved by the U~fited States Food and Drug Administration 
in 1989. This emulsion (F!uosoD ~, Green Cross Corp)had 
to be stored and shipped I'ro~en and required a c::mbersome 
reconstitution procedure prior it) administration I lOOf The 
presently developed, ready-for-use product, Oxygent TM 

(Alliance Pharmaceutical Corp, San Diego, tlSA), as~oci~ 
ales a .,,omewhat lipophilic I'iuorocarbon, perflut~rot~ctyl 

bromide, | ,  with egg yolk phospholipids 14, 48]. Molecular 
diffusion, tile principal cause of particle size increase in sub- 
micronic fluorocarbon emulsions, is counteracted by adding 
small amounts of a higher homologue of perfluoro~tyl bro- 
mide, perfluorodecyl bromide, 2, which reduces the solubility 
and diffusibility of the fluorocarbon phase in water [101 ]. Per- 
fluorotripropylamine, 4, and perfluoro-N-methylcyclone- 
xyipiperidine, 5, were used for the same purpose in Fluosol 
and Perftoran, a Russian preparation 11021, respectively; these 
compounds being non-lipophilic have, however, much Io,~ger 
organ retention times. Preserving small particle sizes is also 
indispensable for aclfieving effective intravascular persist- 
ence and to reduce side-effects related to phagoc3 ~osis and 
macrophage activation 14, 1031. 

Anlotiler higldy effective me,ms It) ~tabilizc fhlorocar~, 
bonoin-water emulsions and to control! |heir particle size 
distribution is to supplemcnl s!andard pho~phtflipids with 
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Fig 16. Particle size increase at 40"C in a fluorocar- 
bon/phospholipid emulsion 00% wlv perfluorooctyl bro° 
mide; 4chi w/v egg°yolk phospholipids CEYP)). emulsified 
with EYP alone Ca); stabilized with equimolar amounts of 
EYP and C;~F34 (b); stabilized with equimolar amounts of 
EYP and Ct, FisC;tlH21(c). C;t, F34 and Ct, FlsCmH21 have 
close to identical boiling points and should have colno 
parable molecular diffusion-prevention effects according to 
the Lifshitz-Slezov equation 141. Hypothetical 'dowel efo 
feet' of a mixed fluorocarbon-hydrocarbon diblock como 
pound at the fluorocarbon-phospholipid film interlace 1361: 
without (d), and with C6FI3CIoH21 (e). From 136. 1061. 
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Fig 17, Release of 5.(~-carboxyfluorescein encapsulated iu the in- 
ternal water droplets of water-in fluorocarbon reverse emu!~ions 
(a) and water-in-hydr~arbo, reverse emulsions (b). II. Perfluoo 
rooctyl bromide/fluorinated dimorpholinophosphate 13 
(FSC 11DMP); ~. ~rfluonx~tylethanelF8C I 1DMP; O. octyl bro- 
mide/Span 80; O. isopropyl myristatelSpan 80. Fluorocarbons• 
which constitute a barrier to the diffusion of the hydrophilic probe. 
can help co0trol the release of content, From 11081. 

mixed fluorocarbon-hydrocarbon diblock compounds such 
as 6 or 7 1361. The diblock compounds are believed to cone 
centrate pl'imarily at the interliice between the I'luorocarbo, 
droplets and the film of phospholipids that surrounds them 
(fig 16), acting as luolecular 'duwels' at this interface 11 t)4~ 
I061. A clean roonl equipped with high pressure holuoo 
genizers has been built at the Institut Charles Sadron, which 

allows the preparation ot" emulsions of this type. taylor- 
made for biomedical research. 

Reverse and multiple emulsions 

Reverse. water-in-fluorocarbon emulsions have also been 
devised. The challenge was to stabilize dispersions of water 
in one of the most hydrophobic media that exists. In addi- 
tion, molecular diffusion of water in the fluorocarbon phase, 
which leads to Ostvald ripening, is facilitated by the ex- 
tremely low intermolecular cohesion of liquid fluorocar- 
bons. Very stable reverse emulsions were eventually 
obtained using the highly fiuorophilic neutral surl'actant 13 
(n = 8. m = I!) 11071. Further sta'~ility was gained by ad- 
ding a salt to the aqueous internal phase. A range of drugs, 
including antibacterials, bronchodilators, mucolytic, tuber- 
culostatic, cholinergic and antineoplastic agents, etc, were 
incorporated in these emulsions without loss of stability. 
Release of 5,6-carboxyfluorescein from such emulsions 
was shown to be much slower than from water-in-hydrocar- 
bon oil emulsions (fig 17) ! 10811. 

Totally apolar hydrocarbon-in-fluorocarbon emulsions, 
which may be useful for the delivery and controlled release 
of lipidic materials• have now also been obtained. The am- 
phiphile used to prepare and stabilize such totally apolar 
emulsions consists again in simple semi-fluorinated alkanes 
of the FnHm type 1371. 

These -'r • dl ect and reverse emulsions also led to a nmge of 
multiple emulsions• including some novel combinations 
that involve three distinct nonmliscible phases: a lauorocar- 
bt~11, a hydrocarbon and water (fig !8) I lOt), I!Of For 
example, au iluemal hydn~cl,'bon ph~tse can be separated 
g'l'om the contilmous fluorocarbon inedium by an intermedi- 
ate aqueous phase; both lipophilic and hydrol~hilic drugs 
may be loaded in such multicompanment systems. 

F ~  I11, Divot and ~v,,'rse Iluoi~al'l~m eluulsiuns lead 
It) a variety uf multiple emulsions, some of whictt may 
im,'olve three ram-miscible phases: a fluurocarbtm, a 
hydrt~arbon, and water, 
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Fhtorocarbon gels 

Gelifying fluorocarbons has been another serious challenge. 
Fluorocarbons are iu3deed extremely fhfid, mobile miquids 
with very weak cohesive forces, and alley do not dissolve 
the usual gelilying agents. Nevertheless severJ  tSpcs of 
gels have been reported [i ! 1]. Some of these gels are very 
rich in water and consist of a dispersion of water droplets 
in an external phase which is actually a water-in-fluorocar- 
bon microemulsion; the surfactants used were perfluoroal- 
kylated ethoxylated alcohols [!12, 1131. 

On the other end of the composition spectrum, stable 
rigid and transparent gels containing up to 99% fluorocar- 
bon could be prepared from a range of fluorocarbons with 
a wide spectrum of boi l ing points, using at very low amount 
of tile perfluoroalkylated amine oxide 26 as the surfactant 
I1141. These gels consist of a high internal phase ratio Iqt|oro+ 
carbon-in-water emulsion and have a compartmentalized 
structure with polyhedral fluorocarbon domains separated by 
a reverse, hydrated fihn of surfactant (fig 19). Another type of 
fluorocarbow-rich gels, in which tile |]tlorocarbon is the COll- 
tinuous phase, were obtained by dispersing a mixture of phos- 
pholipids and fluorocarbon-hydrocarbon dibiocks in the 
fluorocarbon, and then adding small amounts of  wate~: Rapid 
gelificalion occurs, which is | chc ed to be due to the forma- 
tion and rapid growth of long. wona-like entangled micelles 
of surfactants !1151. 

Examples of applications in tile biomedical field 

7b+dslbr l,i,,medical wse++++'h 

I;'ow studies oi'i tile tise of fluoi'osui'factai|ts for protein1 ex + 
IF-action have been reported It) dale. Although l'luol'inaled 
chains augment surface activity, fitu~riilaled amphiphilcs 
~ppear to be less detergent lowm°d membranes than their 
hydrogenated counterparts. This was already indicated by 
lesser hemolytic activity. Lower protein solubilization 
potency was observed l'~w compound 17 (Rv = CmF2l, 
P = 4), in comparison to its hydrocarbon analog or to Triton 
X+I00 il 161. An early claim according to which the phos. 
phocholine derivative 11 ( ,  = 8, m = 2) could extract a fla- 
voprotein-cytochrome b.s5,~ complex without denaturation 
[1171 was not substantiated by further studies i i l8  I. The data 
available so far thus indicate that fluorinated surfitctants are 
only poorly or not effective tbr protein extraction. 

An astute molecular device, 28, was built thai takes ad- 
vantage of the tendency of fluorocarbon segments to cluster, 
in order to create separate zones in which to confine 
moieties which belong to the same molecule and have dis- 
tinct functions !1191. Compound 28 is destined to l'n,lctio,1 
as a protem recognition device and has :m internal F-aiky- 
lated segment that separates .'1 lipophilic retinoid ligand 
from a lipidic tail. The fluorocarbon film that forms by ag- 
gregation of the F-alkyl segments keeps the ligand exposed 
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Fig 19. Freeze fracture transmission electron micmgraph of a high 
internal phase ratio (98.59~) emulsion era fluorocarbon (APF-260, 
Air Products) in water, sllowing tile polyhedric !iquid than/ do- 
mains {micrograph: T Gulik Krzywickit. The surfaclant utilized is 
the fluorinated amflle oxide 26. The emulsion presents itself as at 
,,table, transparent viscoelastic gel. From [114]. 

on the aqueous side of a monolayer or' the amphiphile and 
pl'events it from being buried in the lipid region of the 
monolayer. Incubation with a retinoid receptor showed that 
the macromolecule was efficiently and specifically bound 
and concentrated onto the lipid film, which was not the case 
when a non-fluorinated analog of 28 was used (scheme 1 ~. 

Gel-like network structures with well-defined mesh size 
were obtained l'rom fluorocarbon-tailed polyethylene gly- 
cols. These gels were used for electr,,phoretic DNA se° 
ques t i ng  ill capil lary colttlllns [120l. A fluorocarbori 
affinity emulsion wain prothlced by derivatizalion ~ith at ̀̀+ 
finily ligands of an i ,  .situ cross+linked poly t vinylalcohoi} 
emulsifier and nsetl for the exl|acth)ll of Iltlillal] s¢I'L|M ad- 

bumin l'l+~ml plasma, or of gluct~se+6~.phosphat¢ dchydn~g¢- 
nase l'mm homogenized baker's yeast 11211+ 

I ,  vitro DNA transfection efficacy was not significantly 
affected when !ipospermines with fluorinated lipid tail ends+ 
rather than hydrocarbon ends, weir used. This provides evi++ 
dence indicating that cationic lipid mixing with cellular !ipids 
may not be an important part of the gene transl+r process I 122j, 
In another approach a neat fluorocarbon was used for achier+ 
ing homogenous delivery of a genedoaded adenoviral vector 
to the hmgs of rabbits 11231. Both gene expression and gene 
expression distribution throughout the hmgs were improved as 
compared to a saline control. 

. .~ , / . . .v , . , . . , ,v% C X'I 12(CF ~ )n('l I.¢ )., l <9 

Scheme I. Structure 28. 
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~ Cultu~ human endothelial ~lls iacubat~ with a fluom. 
c a i n  emulsion slabili~ed by mixed fluorocarbon.hydrocarbon di- 
b i l k s  (a)~ no cytotoxicity was observed with regards to controls 
(b), On the other hand, the usual UW (University of Wisconsin) 
organ preservation solution was toxic to cells (¢), From i 126l, 

Fluorocarbons have been utilized for improving and 
regulating oxygen supply and pH (through CO2 delivery) in a 
variety of cell cultures [ 1241. Normal cell division and increase 
in cell density were reported. Mechanical damage caused to 
cells can be reduced by stirring the culture through the under- 
lying fluorocarbon phase [125]. Protection of alveolar cells 
against destruction by activated polymorphonuclear granulo- 
cytes was noted when the cells were grown on an oxygenated 
layer of perfluorooctyl bromide [ 1261. Cell cultures have also 
been utilized to assess the toxicity of crude fluorocarbons and 
monitor their purification [ 127, 1281. 

Tissue and organ preservation is also currently being in- 
vestigated. Fluorocarbon emulsions can help prolong the 
viability of isolated tissue- and organ-based models utilized 
in physiological studies, including in normothermic condi- 
tions. Embryonic chick heart tissue was grown on a fluoro- 
carbon-supplemented medium 11291. An oxygenated 
perfluorooctyl bromide emulsion was more effective than a 
suspension of fresh bovine erythrocytes in preserving an in 
vitro preparation of the rat small intestine 11301. Aerobic 
normothermic preservation of blocks of organs, comprising 
heart-lung, liver, pancreas, kidney and small intestine was 
achieved [ 131 ]. A fluorocarbon emuision-perfused pig kid- 
ney model allowed investigation of the xenogenic cellular 
rejection that occurs when the kidneys are perfused with 
human peripheral blood lymphocytes |1321. The emulsions 
were of the diblock-stabilized type [361. The effect of such 
fluorocarbon emulsions on cultured human endothelial cells 
was investigated as a preliminary step to achieving warm 
organ preservation I 133 I. It was found that the fluorocarbon 
emulsions were devoid of cytotoxicity. By contrast, the 
classical organ preservation solutions, UW (University of 
Wisconsin) and EC (Eurocollins), were toxic to the cells, 
probably due to their high K '+ concenlrations (fig 20). 

The diblockoslabilized fluorocarbon emulsions Iha! 
allowed reproducible, stable preservation of the intestine's 
neurogenic motor pattern (known as the most sensitive to 
hypoxia) ll30], were recently used to perfuse intestinal 
preparations of mice in which a gene depletion had ~en  
induced (knockout mice) (Bouley Let  al, in preparation). 
This model may be useful for the investigation of certain 
diseases of the central nervous system such as ~rphyry. It 
has also potential in pharmaceutical ~search for the screen- 
ing of drugs. 

Therapeutic oxyge, delivery 

One of the major fluorocarbon-based products under clini- 
cal development is an injectable fluorocarbon-in-water 
emulsion for delivering oxygen to patients at risk of tissue 
hypoxia 143~481. Recently completed Phase ii clinical trials 
with Oxygenff m demonstrated that the product, when used 
in conjunction with acute normovolemic hemodilution dur- 
ing surgery, was more effective than blood in reversing 
transfusion triggers, and delayed the need for a subsequent 
transfusion significantly longer than blood [! 341. Another 



fluorocarbon emulsion (Perfioran c'~', Perfloran Co, Puschino, 
Russia.) has been approved for use in Russia I102 ]. An emtfl- 
sion based on ot,to-dichloroperfluomoctane 3 ~fig I ~, Oxyfluor 
(Hemagen-PFC, St Louis}, is in early clinical trials [I 35 i. 

Using such emulsions as a delivery system for oxygen 
also shows potential for protecting tissues during transient 
anemia resulting from trauma; when blood flow is restricted 
during conditions such as myocardial infarction or stroke; 
for use during cardiopulmonary bypass surgery 1136l; to 
prevent rcperfusion injury; to improve oxygen delivery to 
certain tumors, rendering these tumors more responsive to 
radiation and chemotherapy, etc 14, 43-46, 137, 138]. 

A neat fluorocarbon (Liquivent®, Alliance Pharmaceuti- 
cal Corp.) is currently being clinically evaluated for treat- 
m e n t  of respiratory distress through liquid ventilation [49, 
501, The fluid and effectively spreading, O2/CO>carrying 
liquid, reduces a patient's exposure to the harmful effects 
of conventional mechanical ventilatio,1 and helps to recruit 
collapsed alveoli, improving both lung compliance and 
oxygenation. 

Contrast agents,/br diagnosis 

Fluorocarbons provide the first effective (ie stable-enough 
in the circulation) contrast agent for ultrasound imaging. 
One such agent, OptisonXM (Molecular Biosystems lnc, San 
Diego, CA), which consists in microbubbles of perfluo- 
ropentane within an albumin shell I1391, has just been ap- 
proved for use in the United States (Deceml:er 1997), 
Several more products are in advanced clinical trials. MRX- 
II 5 (hnaRx Pharmaceutical Corp, Tucson, AZ) is made of 
lipid encapsulated perfluompentane 11401. Another agent, 
Echogen +~ (Sonus Pharmaceuticals, Bothel, WA), is an 
emulsion o!" per!'luoropenlane whose droplets convert, Bptlq! 
actnvatu n, into gas bubbles at body temperature II 411. It is 
noteworthy that this emulsion is stabilized using a fluoro- 
surhlctant, which is, as far as we know, the first intravascu° 
lar use of a fluorosurfactant in humans. Still another 
product, Imagent 0o US (Alliance/Schering AG, Berlin, Ger- 
many), takes advantage of the very low solubility of fluo- 
rocarbons in water to osmotically stabilize micron-size gas 
bubbles using perfluorohexane I1421. When injected in the 
vasculature, these microbubbles function as reflectors for 
ultrasound, allowing, for example, the assessment of car- 
diac function, diagnosis of perfusion abnormalities, and de- 
tection of tumors in organs ! 1431. 

Externally applied fluorocarbon-filled pads (SatPad® 
Alliance Pharmaceutical Co, San Diego, USA) are now 
commercially available which improve magnetic resonance 
(MR) image quality by increasing magnetic homogeneity 
when fat saturation techniques are utilized 11441. A fluoro- 
carbon has been approved in the United States for oral use 
as a bowel marker for MR imaging; in this case it is the 
absence of signal which creates the desired contrast I 145 I. 

Dr++g dc]h,crv ++m~ mixcctl+meo++s g+scs +~?'¢g;,+;ro¢'adTor+s 
a~d high&,f&+~rim+wd systems 

A va/iety of neat fluorocarbons, including perfluorodecalim 
perfluorooctyi bromide, perfluoroperhydrophenanthrenc 
and the diblock 8, are being used in ophthalmology as a 
tamponade to manage complicated retinal detachments 
[146--149]. As indicated earlier, fluorinated vesicles and 
other self-assemblies of fluorosurfactants+ and emulsions, 
gel-emulsions and multiple emulsions with a fluorocarbon 
phase offer a range of multicompartmentalized vehicles that 
may be useful for drug delivery [25-311. 

Fluorinated surfactants may play a unique role as formu- 
lating agents when extreme surface activity, high tluoro- 
philicity, or resistance to an aggressive biological  
environment is required. Covalently grafting a cleavable 
fluorocarbon chain onto a drug promotes the self-assembly 
of the resulting amphiphile or its incorporation into a ve- 
sicular membrane, and may help controlling the targeting 
and delivery of the drug. Bioactive molecules, targeting de- 
vices and markers can, for example, be grafted simulta- 
neously onto small o,'nphiphilic telomers [ 1501. The F-alkyl 
chain enhances the self-a::;regation of the prodrug. The am- 
phiphiles' polar head can obviously play a role in targeting. 
Glycolipidic fluorosurfactants may, for example, be used to 
achieve targeting through specific recognition by mem- 
brane lectins of carbohydrates arranged at the surface of 
vesicles, The use of fluorosurfactants for stabilizing 
micronized inhalation drug suspensions for metered drug 
inhaler has been proposed 1151, 1521. Fluorosurfactants 
also made possible the preparation of micmemulsions of 
water in a supercritical CO2 continuous phase l153, 1541. 

Perspectives 

The potential of fluorocarbons in the biomedical field up+ 
pears to be well established. Fluoroc,lrbons are uniquely 
suited l'or the formulation and in vivo transport of oxygen 
and carbon dioxide; these transport properties coukl also be 
applied to other gases such as nitric oxide. Other products 
l'or therapeutic and diagnostic uses, that depend on physical 
characteristics or combinations of characteristics specific to 
fluorocarbons, are being developed or investigated. Further 
applications are likely to emerge that will take advantage of 
these features. 

Water-in°fluorocarbon emulsions, lipid+in°fluorocmbon 
emulsions and nmfltiple emulsions with a fluoroc;lrbon con- 
tinuous phase have potential for use in pulmonary drug de+ 
livery. This application represents a logical extension of the 
use of fluorocarbons in liquid ventilation. The reverse emul o 
sions should allow tmit'orm and reproducible distribution of 
active agents throughout the lung, including the dependent 
regions, and may provide improved control over drug re- 
lease. Fluorocarbon gels can provide very thin, water+ and 
fat-repellent, gas-permeable film,; that may find topical up- 
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plications as wound healing ointments, protective barrier 
creams, as well as use in cosmetics. 

The incorporation of a fluorocarbon chain in a molecule 
can drive the amphiphilic character of this molecule to ex- 

ained 
may 

itical. 
effi- 

ciency, fluorosurfactants can usually be used in tar smaller 
quantities than standard, non-fluorinated surfactants. This 
can result in favorable efficacy/toxicity ratios, which may 
offset the fluorosuffactants' higher cost. 

Fluorosuffactants offer the ultimate in terms of hydro- 
phobic effect, which provides potent driving forces for such 
amphiphiles to self-assemble into supramolecular con- 
stnJcts. The fact that. in addition to being hydrophobic, F- 
alkyl chains are lipophobic is a unique attribute that has 
been barely exploited. Fluorosurfactants can provide build- 
ing blocks of supramolecular constructs when extreme se- 
gregatio~a between distinct domains (hydrophilic and 
lipophilic, or both hydrophilic, or both lipophi!ic) is 
desired. They provide an additional tool for the chemist for 
programming the 'self'-assembling of molecules. 

Generally speaking, fluorinated amphiphiles constitute 
novel, versatile components useful for preparing films and 
membranes: elaborating and stabilizing colloidal systems; 
coating and dispersing micro- and nano particles; protect- 
ing large bioengineered molecules; modulating the response 
of temperature and pH-sensitive materials, etc, 

Self-association of fluorosurfactants in discrete ol~jects, 
such as vesicles and tubules, occurs with molecules that are 
often structurally simpler (shorter, singleotailed, nonochiral, 
non~hydrogen~bonding) than in the Ilydrocarbon series. 
This should facilitate the establishment of struco 
tu~/property relations, and the elucidation and under° 
standing el" the role of individual contributors to a given 
self-association phenomenon, 

The i~ct that stable organization of fluorinated amphi- 
philes, especially at interfaces, can be achieved tbr signifi- 
cantly shorler chain length than for hydrocarbon analogs, 
should open the access to thinner, yet stable, Langmuir and 
Langmuir-Blodget films, and membranes, 

r ~ Building a flue mated film within a bllayer membrane 
has a number of interesting consequences that remain to be 
exploited, Not only can this film strongly stabilize the mem- 
brane, but it can also impact on phase transitions, modify 
the membrane's curvature, reduce the membrane's per- 
meability to both hydrophilic and lipophilic agents, and in- 
fluence the behavior of a particle in a biological 
environment, The fact th~ little energy is usually needful to 
induce the formation of fluorinated vesicles may be an advant- 
age wben the material to be encapsulated is fragile, The obser- 
vation that the internal fluorinated film can affect the h; rive 
recognition of particles or the enzymatk: attack of the mem- 
brane is intriguing and ~ r v e s  turther investigation, 

Fluorinated vesicles are usually less permeant to en- 
trapped materials than hydrocarbon vesicles. They may be 
used tbr targeting and delivering drugs, prodrugs, contrast 
agents, immunoactive material, genetic material, etc. They 
may, as needed, be fitted with markers mad targeting devices, 
or rendered pH-, pressure- or temperature,sensitive. 

Fluorosurfactants also allow the preparation of a variety 
of stable, dispersed, micro- and nano-compartmentalized 
systems with a fluorocarbon phase, such as emulsions, 
microemulsions, multiple emulsions, etc. Colloidal systems 
with three distinct, immiscible phases can be made. 

in addition to use as drug delivery devices, such systems 
could find uses as templates for the elaboration, possibly 
after polymerization or metallization, of new microporous 
or microcompartmentalized materials useful as controlled- 
release systems for other materials, as catalysers, molecular 
sieves, new composite materials tk~r use in electrooptics and 
microelectronics, in polymerization chemistry they may 
provide a means of separating, at the nanometer level, zones 
that need to be polymerized separately. 

The analogy that exists between fluorocarbons and gases, 
as a consequence of low van der Waals lbrces, could be 
further e~ploited, as lk~r preparing dispersed systems in 
supercritical fluids and, in particular, in CO:. Fiuorosurfac- 
tants are likely to be indispensable Ibr ensuring the stability 
of such dispersions. 

The simple mixed fluorocarbon-hydrocarbon diblock 
amphiphiles should find novel uses in colloid choral.try. 
bluorocarbon-nl-water emulsion stabilization using FnHm 
diblocks may pro~ide the basis tbr a future generation o1' 
i11jectable oxygen carriers. Such emulsions are valuable in 
bkmaedical !e,"s"e,uch," !br example !~r stabilizing and extend, 
ing the viability of experinlenlal models based on isohlled 
tissues and organs. They could allow warln storage of o1'. 

dest,ned l~r transplantation, thus i:~reventing damage 
resulting from reoxygenation after hypoxia. 

The ability of the FnHm diblocks to combine with stand- 
ard hydrogenated amphiphiles, particularly phospholipids, 
and improve their performances, strengthen bilayer mem- 
brane,," ~s and modulate their properties, is attractive. Further 
exploration of their membrane ordering and s '  " "o" , tabdlzmg ca- 
pacity should undoubtedly be pursued. The dibi~ks have 
the advantage over regular fluorosurfactants of being easy 
to synthesize and should present a simplified pharmacology. 

in contrast to fluorocarbons, the pharmacology of fluo- 
rosurfactants is still in its infancy. The available, though 
limited, preliminary acute toxicity data are encouraging. 
The spectacular reduction or suppression of hemolysis 
when fluorinated chains are introduced in surt~actants, is 
remarkable, Absorption, distribution, metabolism and ex- 
cretion studie~; are badly needed, The diversity of recently 
synthesized, well-defined fluorosurfactants should facili- 
tate this task, The results of these studies will largely deter- 
mine the extent to which fluorosurfactants may be used in 
pharmaceuticals; the acceptable level of side effects will of 



course  a l so  depend on  the ind ica t ion ,  dose ,  and  route and  
r e g i m e n  o f  a d m i n i s t r a t i o n ,  

The  l imi ted  i n f o r m a t i o n  ava i l ab le  on  m e m b r a n e  pro te in  
ex t r ac t ion  ush io  f l t |orosurfacl~tnls  i nd ica t e s  lesser  e | ' | )c t i~ e- 
ness  than  for h y d r o c a r b o n  sur fac | an tx  or  no  e | ' fcc l ivenens  at 
all ,  p robab ly  due  to the l i pophob i c  cha r ac t e r  o f  the perf lu-  
o r o a l k y l  tails,  
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